Introduction
Studies with synthetic water-soluble capsaicin analogs (Jung et al., 1999) and 80 mutational analysis highlights critical residues in intracellular domain of S1-S4 81 segments in charge of capsaicin sensitivity. By constructing chimeric receptors 82 between capsaicin-sensitive rat TRPV1 (rTRPV1) and capsaicin resistant chicken 83 TRPV1 (cTRPV1), Jordt discovered specific mutations of the Y511 or S512 residue 84 specifically suppress the capsaicin responsiveness without affecting proton-induced 85 current of the rat receptors (Jordt and Julius, 2002) . For rabbit TRPV1 (oTRPV1), 86 mutating I550 and L547 (the equivalent residue for T550 and M547 in the rat 87 bovine serum (FBS, Gibco), and 100 U/ml penicillin and 100 μg/ml streptomycin 132 (Lonza). The incubator was kept at 37℃ with 5% CO2. The cells were seeded onto 133 plates one day before transfection, and reached 60-90% confluency on the time for 134 transfection. OptiMEM (Life Technology) and Avalanche®-Omni Transfection 135
Reagent (EZ Biosystems) were mixed with plasmids and added into wells with 136 HEK293T cells. After two days, the transfected cells were prepared for Ca 2+ NaCl, 3.4 mM KCl, 1.7 mM MgCl2, and 1 mM CaCl2, pH 7.4] at 30℃ with 5% CO2. 146
Solutions were replaced with the same imaging solution without Fura-2 AM before 147 imaging. Background-subtracted, emitted fluorescence following excitation at 340 nm 148 and 380 nm were detected by an EMCCD camera (Photometrics, Evolve) driven by 149 Slidebook 6 digital microscopy software (Intelligent Imaging Innovations). 150
Fluorescence data were acquired by capturing the frame rate at one frame every 5 sec 151 with 20-50 ms exposure time to either wavelength. All Ca 2+ The reaction was stirred overnight, concentrated, and partitioned between EtOAc and 204 saturated NH4Cl solution. The organics were washed well with water, then dried and 205 concentrated to 439 mg of crude white solid. Of this, 150 mg (0.33 mmol) was 206 dissolved in 1 mL of CH2Cl2, and 35 L (0.35 mmol) of thiophenol and 0.5 mL of 207 TFA were added. After 30 min, the solvent was evaporated and the residue purified by 208 HPLC on a semi-preparative 18 column, eluting with a linear gradient of 20 to 70% CH3CN in 50 mM NH4OAc, pH 4.5, over 50 min. The cap-EA peak eluted at 40 min 210 (52% CH3CN) and free capsaicin at 55 min (65% CH3CN). Fractions were 211 lyophilized to a white powder (81 mg, 54%). 1 H NMR (DMSO-d6, 400 MHz) showed 212 additional peaks relative to capsaicin at: 4.66 (t, 2H) and 3.39 (t, 2H). MS calcd for 213 mg, 49 mol) was dissolved in 1 mL of dry DMF with triethylamine (7 L, 50 mol) 216 and cooled to 4 C. Iodomethane (2 L, 33 mol) was dissolved separately in 1 mL 217 of dry DMF and added dropwise to the reaction over 10 min. The reaction was stirred 218 for 2 h at 4 C, and then purified by reverse phase HPLC as above, with product 219 eluting at 43 min (55% CH3CN), The fractions were lyophilized to white powders. By To identify residue(s) critical for capsaicin sensitivity in TRPV1, we firstly analyzed rat-chicken TRPV1 chimeras ( Fig. 1A . and Materials and Methods) to narrow down 236 regions important for capsaicin sensitivity of rat. We used ratiometric Ca 2+ imaging 237 (O'Connor and Silver, 2013) with Fura-2 to quantify the intracellular Ca 2+ raise due to 238 TRPV1 activation. Capsaicin elicits Ca 2+ signals in rTPPV1 transfected HEK293T 239 cells. To verify the expression and function of mutated TRPV1 responding weakly to 240 capsaicin, a powerful agonist cocktail solution was applied to stimulate maximum The residues that make Ch9/18 different from cTRPV1 can be classified into nine 262 parts: E570A, F589L, S632Y, D654R, A657S, I660V, L664V, A665L (rat/chicken 263 equivalent residue), and rTRPV1-G602-N625, a region with high sequence 264 divergence. Point mutagenesis or deletion of rTRPV1-G602-N625 segment was 265 performed on Ch9/18 to identify the residue(s) that reduce capsaicin sensitivity. The 266 equivalent sites on rTRPV1 are shown in Fig To further elucidate the mechanism by which the glutamic acid introduces 285 capsaicin sensitivity to cTRPV1, we systematically replaced the A578 on cTRPV1 286 and E570 on rTRPV1 to the other 19 amino acids. The A578E mutant doesn't show higher expression level or membrane distribution than the non-sensitive mutants in 288 results of Western blotting ( Fig. 3A ) and imaging of protein distribution ( Fig. 3B ) 289 determined with HA-tag antibodies. The results suggest that the residue specifically 290 increase capsaicin sensitivity. Capsaicin 30 μM were used as standard to determine 291 capsaicin-sensitive mutants in cTRPV1 mutants. The cocktail efficiently activates 292 most cTRPV1-A578 mutants (Table S1) response was compared with 10 μM capsaicin-induced response that use the same 320 method for pre-treatment and stimulation. Both capsaicin derivatives are sufficient to 321 activate rTRPV1 but not cTRPV1. However, Cap-EA only successfully activates Ca 2+ 322 current from the cTRPV1-A578E mutant and partially activate the cTRPV1-A578K 323 ( Fig. 4C ). Cap-EMA slightly activate the cTRVP1-A578K and E (Fig. 4D ). cTRPV1-324 A578P and Q were failed to be activate by the capsaicin derivatives. The replacement 325 of hydroxide group with other hydrophilic side chain drastically reduce the accessible 326 amino acids to activate the channel. Stimulate A578 mutants of cTRPV1 apparently 327 has stringent structural requirements. 328
We test the receptors with the natural product zingerone in the ginger to determine 329 if the vanillod group is sufficient to activate the mutants. Zingerone relatively weak 330 vanilloid agonist that need much higher concentration than capsaicin to cause the 331 stimulation (Liu and Simon, 1996) . Zingerone lacks the aliphatic tail and acyl-amide 332 moiety presenting on capsaicin. Zingerone 500 μM successfully activates the 333 rTRPV1, but failed to activate cTRPV1-A578 mutants (Fig. 4E) . The capsaicin 100 334 μM positive control activated rTRPV1 and all the capsaicin sensitive mutants, but not 335 wild-type cTRPV1. Our result shows the vanilloid part alone is not strong enough to 336 activate the channel with theoretically functional 578 residues. capsaicin 340
For rat TRPV1, even though all the rTRPV1-E570 mutants protein expression 341 determined by Western blotting (Fig. 5A ) and the protein membrane distribution (Fig.  342 5B) looked similar between mutant and wild type, the cocktail did not successfully 343 activate most of the mutants (data not shown). Therefore, we normalized the 344 capsaicin-induced response to protein level determined by Western blotting ( Table  345 S2). Even the protein expression level of mutants showed large variation on Western 346
blotting. rTRPV1 is known to cause obvious cytotoxicity to the transfected cell line, 347
and might cause the protein amount variation by killing the high expression cells. 348 E570K, and Q mutants exhibit responsiveness to 300nM capsaicin as wild type. The 349 E570P decrease the capsaicin sensitivity of rTRPV1 even the protein amount of 350 mutant is similar to wild type (Fig. 5C ). We expected the amino acid sharing similar 351
property important for cTRPV1-A578E to sense capsaicin will also respond to 352 capsaicin treatment. Rat and chicken TRPV1 partially share the same preference to 353 specific amino acid to constitute capsaicin sensitivity, but the species specific 354 functional amino acid also exist. The cTRPV1-A578I ( Fig. 3C ) and rTRPV1-E570R 355 ( Fig. 5C ) also seem to sense capsaicin for the 340/380 ratio increase after adding the 356 agonist, but the strength is only about 10% compared to the maximum activation of 357 channel or rTRPV1 wildtype. We don't sure if the small fluorescence ratio value 358 increment has physiological relevance and do not have further discussion. Our result shows the chimeric channel with transmembrane domain have obvious 410 capsaicin sensitivity while rat N or C-terminus do not. 411
We find that, within the transmembrane region, deletion of G602-N625 impairs 412 both the channel opening and the capsaicin induced activation in our study. The 413 partial deletion of this region was reported to impair the heat sensitivity of mouse 414 TRPV1, and full deletion eliminate channel current (Cui et al., 2012). By A578E 415 mutagenesis on cTRPV1, we proved the single point mutation can make the cTRPV1 416 become sensitive to capsaicin, and we find the K, Q and P also increase the cTRPV1 capsaicin sensitivity. The conversion, however, is limited by the structure of capsaicin 418
itself, for we test the capsaicin analog with hydrophyilic moiety on the vanilloid head 419 generate restriction for the amino acid types and decrease the potency of drug on 420 rTRPV1. Only the cTRPV1-A578E is strongly activated by Cap-EA (ethylamine) but 421 not Cap-EMA (methylethylamine). cTRPV1-A578K is slightly activated by both 422 analogs. We further confirm the conversion is reversible on rat, for the E570A 423 mutation decrease the capsaicin induced response on rat TRPV1. Our finding is in 424 agreement to the importance of E570 in rat TRPV1 for sensing capsaicin. Yang et. al. 425 (2015) shows that the E570 (E571 on the paper) is responsible to form hydrogen bond 426 with the vanillyl head of capsaicin to pull the S4-S5 linker and make the channel pore 427 open. The mutation not only decrease the capsaicin sensitivity of murine channel but 428 also make the channel have smaller open probability for capsaicin. It shows the 429 residue on the rat TRPV1 is critical for capsaicin binding and channel gating. The 430 systematic mutagenesis on rTRPV1 shows the E570Q and K also possess capsaicin 431 sensitivity. We tested the mutant sensitivity with zingerone, which has a short 432 aliphatic tail, and find that without van der Waals interactions between aliphatic tail 433 and binding pocket, a high concentration is required to activate even the rTRPV1. All 434 the capsaicin-sensitive cTRPV1 mutants do not respond to 500 μM zingerone, and 435 suggest the aliphatic tail of vanilloid is also an important feature to activate the 436 cTRPV1. Both results suggesting the residue on rat and chicken TRPV1 share similar 437 mechanisms for capsaicin-mediated channel opening. The structural requirements of 438 the cTRPV-A578 mutant to sense capsaicinoids implies that the mutation participate 439 in the capsaicin binding. Although we take the advantage of using cocktail containing 440 multiple strong TRPV1 agonist to prove the mutated channel is functionally active or 441 not, we unexpectedly face the problem of activating the rTRPV1 with mutation on 442 E570. The residue on S4-S5 is responsible to transfer the capsaicin binding induced conformational change to S5-S6 pore domain. We would expect the the PAO 444 potentiated rTRPV-E570 mutants still possess some vanilloid sensitivity and can be 445 activated. The severe impair of channel to open in response to cocktail shows the 446 residue can also cause some other unknown limitation to the channel functionality. 447
The approach we report here to expressed mutated cTRPV1 on the A578 residue 448 critical for capsaicin-induced activation allow us to conclude the vanilloid sensitivity 449 difference between avian and mammal owe to one amino acid difference. The alanine 450 at position 578 residue is conserved between some avian orthologues TRPV1 451 sequences (e.g., duck, XM_021274874; ostrich, XM_009672965; hummingbird, 452 XM_008495099). The residue is glutamic acid on Xenopus tropicalis and snake, and 453
glutamine on zebrafish. It shows this mechanism of loss of capsaicin sensitivity is 454 emerge in the avian. Although partially different amino acids preference reduces the 455 analogy of vanilloid binding process between rat and chicken TRPV1, it proves more 456 flexibility to explain the mechanism for capsaicin-induced activation. In any event, 
